indirect intracoronary delivery of adenovirus vectors in mice and explored techniques including hypothermia and pharmacological means to increase cardiac gene transfer. Mice were maintained in a normothermic state or cooled to 25°C. The aorta or both the pulmonary artery and aorta were clamped while a needle was advanced into the left ventricular cavity to deliver adenovirus vectors encoding enhanced green fluorescent protein (EGFP) or murine adenylyl cyclase type VI (AC VI) with saline, sodium nitroprusside, acetylcholine, or serotonin. Clamping was maintained for 30 s (normothermia) or 2 min (25°C) after adenovirus administration. Mice were killed 7 or 21 days later, and hearts were examined for EGFP expression. Compared with clamping the aorta alone and with no cooling, gene transfer was increased as follows: 1) 1.3-fold with hypothermia to extend dwell time; 2) 4.5-fold by clamping the aorta and the pulmonary artery; 3) 11.4-fold with nitroprusside administration; 4) 11.8-fold with serotonin addition, and 5) 14.3-fold with acetylcholine delivery. Gene expression remained substantial at 21 days, and no significant inflammatory response was seen. Efficacy of the method was tested by performing gene transfer of adenovirus encoding AC VI. Fourteen days after gene transfer, hearts isolated from mice that received adenovirus encoding ACVI showed increased contractile function. Indirect intracoronary delivery of adenovirus vectors in mice is associated with efficient cardiac gene transfer and increased left ventricular function after ACVI gene transfer. left ventricular; contractility; serotonin; acetylcholine INDIRECT INTRACORONARY ADENOVIRUS vector delivery to the heart has been described in rodents (12, 16) . In general, these techniques involve cross-clamping the aorta and pulmonary artery (PA) and delivering adenovirus vectors at the aortic root proximal to the aortic clamp, which effectively provides access to the myocardium through the coronary arteries. Investigators have used hypothermia to allow prolonged cross-clamping time and to increase the dwell time of the adenovirus. Others have used pharmacological agents in attempts to increase cardiac gene transfer (2, 5, 7, (15) (16) (17) 25) . However, no previous study has compared gene transfer with and without hypothermia or pharmacological agents in intact mice and examined the ability of indirect intracoronary delivery of an adenovirus vector to alter cardiac function. A goal of our study was to perform indirect intracoronary delivery of adenovirus in mice with and without pharmacological agents and hypothermia (to prolong aortic and pulmonary arterial cross-clamp time) and establish a method for maximizing cardiac gene transfer. A second goal was to use a potentially therapeutic gene, adenylyl cyclase type VI (AC VI ), to determine whether gene transfer using this method would be associated with altered cardiac function. (NIH Publication No. 85-23, Revised 1996) and animal use protocols approved by the Veterans Affairs San Diego Healthcare System Institutional Animal Care and Use Committee (institutional assurance no. A365901). Male or female C57Bl/6 mice (n ϭ 115; 16 -25 g body wt) underwent thoracotomy and indirect intracoronary gene delivery. Of these, 82 survived the procedure and were enrolled in the study (overall survival, 71%). Sixty-two mice were used to assess gene transfer efficiency using adenovirus encoding enhanced green fluorescent protein (EGFP) at 7 and 21 days. Of the 62 mice, 8 were injected with phosphate-buffered saline (PBS) to use as controls for background fluorescence. Twenty mice were enrolled in the AC VI study.
INDIRECT INTRACORONARY ADENOVIRUS vector delivery to the heart has been described in rodents (12, 16) . In general, these techniques involve cross-clamping the aorta and pulmonary artery (PA) and delivering adenovirus vectors at the aortic root proximal to the aortic clamp, which effectively provides access to the myocardium through the coronary arteries. Investigators have used hypothermia to allow prolonged cross-clamping time and to increase the dwell time of the adenovirus. Others have used pharmacological agents in attempts to increase cardiac gene transfer (2, 5, 7, (15) (16) (17) 25) . However, no previous study has compared gene transfer with and without hypothermia or pharmacological agents in intact mice and examined the ability of indirect intracoronary delivery of an adenovirus vector to alter cardiac function. A goal of our study was to perform indirect intracoronary delivery of adenovirus in mice with and without pharmacological agents and hypothermia (to prolong aortic and pulmonary arterial cross-clamp time) and establish a method for maximizing cardiac gene transfer. A second goal was to use a potentially therapeutic gene, adenylyl cyclase type VI (AC VI ), to determine whether gene transfer using this method would be associated with altered cardiac function.
MATERIALS AND METHODS
Animals. All animals were treated in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, Revised 1996) and animal use protocols approved by the Veterans Affairs San Diego Healthcare System Institutional Animal Care and Use Committee (institutional assurance no. A365901). Male or female C57Bl/6 mice (n ϭ 115; 16 -25 g body wt) underwent thoracotomy and indirect intracoronary gene delivery. Of these, 82 survived the procedure and were enrolled in the study (overall survival, 71%). Sixty-two mice were used to assess gene transfer efficiency using adenovirus encoding enhanced green fluorescent protein (EGFP) at 7 and 21 days. Of the 62 mice, 8 were injected with phosphate-buffered saline (PBS) to use as controls for background fluorescence. Twenty mice were enrolled in the AC VI study.
Intracoronary delivery of adenovirus. Mice were anesthetized (with 1.25% isoflurane inhalation admixed with 100% oxygen) and mechanically ventilated (pressure controlled). Electrocardiogram readings and rectal temperatures were monitored throughout the procedure. Surgery was performed with or without cooling of the mouse to 25°C using a pad through which cold water was circulated. The chest was opened with a midline thoracotomy between the third and sixth ribs, and an occluding ligature (5-0 silk suture) was placed around the proximal aorta or the proximal aorta and PA while a 27-gauge needle (on a tuberculin syringe) was advanced into the left ventricular (LV) cavity to deliver 2.5 ϫ 10 10 virus particles (vp) of adenovirus vector encoding either EGFP or murine AC VI (volume, 100 l). We used a first-generation, serotype 5, E1-deleted adenovirus purified by HPLC. The ratio of vp to plaque-forming units (pfu) was 26 for adenovirus encoding EGFP (Ad5.EGFP) and 50 for adenovirus encoding AC VI (Ad5.ACVI) as determined by HPLC for vp and HEK-293 cell assay for pfu.
The adenovirus vector with or without agent (see below) was delivered as a bolus 10 -15 s after cross-clamping, and the clamp was maintained for 30 s (for normothermic mice) or 2 min (for mice cooled to 25°C) after vector delivery. Mice that were cooled were rewarmed to 37°C immediately after the vascular clamps were removed by circulating warm water through the pad. Epinephrine was administered topically to the heart (1 g in 0.1 ml volume), the thoracotomy was closed, and mice recovered in their cages. Once it was established that hypothermia in combination with aortic and pulmonary arterial clamping provided the greatest extent of gene transfer, the following agents were added to the injectate in subsequent animals: nitroprusside (0.1 g of sodium nitroprusside; Gensia Sicor Pharmaceuticals; Irvine, CA), acetylcholine (0.3 g of acetylcholine chloride; Sigma; St. Louis, MO), and serotonin (0.2 g of 5-hydroxytryptamine hydrochloride; Sigma). Control mice underwent identical surgical procedures including cross-clamping of the aorta and PA, cooling to 25°C, and injection of PBS instead of adenovirus vector with or without pharmacological agents.
Assessment of gene transfer by fluorescence. Mice were killed 7 days after gene transfer, and hearts were examined with a fluorescence microscope (ϫ40 magnification; Nikon) for evidence of EGFP expression under fluorescent light with an excitation peak of 490 nm. Investigators assessing gene transfer were blinded as to what treatment the mice received. The LV free wall was flattened between two glass slides. Both subepicardium and subendocardium were viewed under the microscope, and images were acquired using a CoolSNAPPro digital camera (Media Cybernetics; Silver Spring, MD) with an exposure time of 15 s for each image. The LV free wall was divided into four quadrants, and a grayscale image was acquired for each quadrant (four subepicardial and four subendocardial images). The extent of green fluorescence in the LV free wall was quantified using Image-Pro Plus planimetry software (Media Cybernetics). Tissue from control animals (that did not receive Ad5.EGFP) was used to determine background fluorescence. The areas of all regions within a quadrant that had fluorescence readings higher than background levels were summed and then divided by the total area of the quadrant to calculate a percentage of fluorescence for that quadrant. The values for each quadrant of the heart were averaged to obtain a percentage of green fluorescence for the entire LV free wall. Images of lungs and livers also were acquired.
Assessment of gene transfer by real-time PCR. LV samples were obtained from 33 animals, and DNA was isolated using a DNeasy tissue kit (Qiagen; Valencia, CA). DNA was used as a template, and primers homologous to the Ad5 E2 domain were used for detection of recombinant adenovirus using real-time PCR. Primers for GAPDH were used as an internal control for each sample. Real-time PCR was performed using a TaqMan PCR machine for the real-time detection of amplification. Data were corrected with the GAPDH control and are presented as copy numbers per cell.
Assessment of gene transfer by deconvolution microscopy. Immunofluorescence imaging of EGFP was performed on the left ventricles of seven mice (4 EGFP treated and 3 control) after fixation in 4% paraformaldehyde, paraffin embedding, and sectioning (10 m). Samples were deembedded using Microclear (Micron Environmental Industries; Fairfax, VA) and a graded series of alcohols. To improve specific staining, samples were treated sequentially with sodium borohydride and glycine and then subjected to antigen retrieval (DAKO target-retrieval solution; DAKO; Carpinteria, CA). Because the tissue processing diminished the intrinsic fluorescence of EGFP, we used indirect immunostaining to detect the expression of this transgene. Sections were incubated in blocking buffer (10% donkey serum or 10 mg/ml BSA in PBS) and then incubated with primary rabbit polyclonal antibodies to EGFP (Novus Biologicals; Littleton, CO). Samples then were incubated with immunofluorescence affinitypurified donkey anti-rabbit secondary antibodies conjugated to rhodamine (Jackson Immuno Research; West Grove, PA). Sections were incubated with Hoechst dye to stain the nuclei and mounted in gelvatol mounting medium. For controls, adjacent serial sections incubated with only the secondary antibody or with no antibodies were also examined. Images were captured with a DeltaVision deconvolution microscope system (Applied Precision; Issaquah, WA). The system includes a Photometrics charge-coupled device and a CoolSNAP camera mounted on a Nikon TE-200 microscope. Several optical sections spaced by ϳ1 m were captured using a ϫ20
Plan-Apochromat lens and filter sets specific for Hoechst dye, EGFP, and rhodamine. Exposure times were kept constant for each color in the different samples within comparative experiments and were within the linear range of the camera. Data sets were deconvolved and analyzed using SoftWorx software (Applied Precision) on a Silicon Graphics Octane workstation.
For immunoperoxidase staining, the samples were further treated with peroxidase block (DAKO) and then preincubated in 10% donkey serum in PBS. After incubation with rabbit anti-EGFP antibody and subsequent incubation with goat anti-rabbit antibody conjugated to horseradish peroxidase, the samples were incubated with diaminobenzidine-substrate chromagen solution (DAKO), quenched in ammonium hydroxide, and mounted in gelvatol. Transmitted light images (bright field) were captured with a Hamamatsu three-color cooled charge-coupled device camera mounted on a Zeiss Axiophot microscope. A ϫ20 magnification Plan-Apochromat lens was used, as were excitation and emission filters specific for the indicated fluorophores. Exposure times were constant between samples in the same experiment based on the sample showing the most staining.
Assessment of inflammation. After visual assessment of gene transfer, a portion of LV tissue was placed in 10% buffered formalin for histological analysis. Tissue was paraffin embedded and sectioned (thickness, 5 m). Sections were mounted on slides, stained with hematoxylin and eosin, and examined for inflammatory cell infiltrates. The tissue was scored for inflammation using a scoring range from 0 (no inflammation) to 3ϩ (severe inflammation).
Assessment of cardiac function. Fourteen days after indirect intracoronary injection of Ad5.AC VI or PBS, mice were anesthetized and their hearts were removed for study ex vivo as previously described (9) . The investigators performing the ex vivo perfusion and data analysis were blinded as to the group of mice studied. Aortas were cannulated and placed on a Langendorff system for retrograde perfusion with warmed Krebs-Hensleit solution oxygenated with 95% O 2-5% CO2. A small, fluid-filled balloon attached to a high-fidelity pressure transducer (Millar Instruments; Houston, TX) was placed in the left ventricle through the mitral valve. The balloon was inflated until an end-diastolic pressure of 10 mmHg was achieved. Hearts were allowed to equilibrate for 15 min before baseline pressures were recorded. Hearts were then administered bolus doses of dobutamine equal to final concentrations of 0.01-100 M at 5-min intervals. Peak rate of LV pressure development (ϩdP/dt) was calculated after acquisition at a sampling rate of 2,000 per second with Windaq acquisition software (Dataq; Akron, OH).
Statistical analysis. Differences in gene expression between experimental groups were determined with a two-by four-way ANOVA using SPSS 11.0 statistical software (SPSS; Chicago, IL). A comparison of gene expression at 7 and 21 days was performed using unpaired Student's t-test, cardiac function was analyzed by two-way ANOVA, and correlation between DNA copy number and percentage of green fluorescence was performed using linear regression analysis (GraphPad Software; San Diego, CA).
RESULTS
Adenovirus-mediated cardiac gene transfer was studied in mice using protocols as described in Fig. 1 . Three mice underwent adenovirus delivery at normothermia with aortic clamping for 90 s (without PA clamping); no pharmacological agents were used. The remaining mice underwent adenovirus or PBS delivery at 25°C with clamping of the aorta or aorta and PA with or without addition of pharmacological agents. Figure 2 shows representative images of left ventricles obtained via fluorescence microscopy, and Fig. 3A shows quantitative data for the various gene-transfer strategies. Adenovirus vector delivery at normothermia with cross-clamping of the aorta (90 s total clamp; 30 s adenovirus dwell time) with no pharmacological agents provided 3% gene transfer to the left ventricle. With the use of the same protocol with hypothermia (25°C) to permit 2 min of adenovirus dwell time, gene expression in the left ventricle was increased 1.3-fold. By adding pulmonary arterial clamping to this protocol, EGFP expression was increased 4.5-fold in the left ventricle. These experiments indicated that clamping both the aorta and PA and using hypothermia provided increased gene transfer.
Using this protocol (aortic and pulmonary arterial clamping at 25°C with 2 min dwell time), we then addressed whether the use of pharmacological agents could further the extent of gene transfer. We tested sodium nitroprusside, acetylcholine, and serotonin. These agents were associated with an 11.4-to 14.3-fold increase in gene transfer compared with aortic clamping and normothermia and a 2.5-to 3.2-fold increase compared with the same protocol without the pharmacological agents (Figs. 2 and 3A) . In mice injected with PBS, there was no evidence of LV fluorescence above background levels (n ϭ 8). Figure 4 shows that EGFP gene expression in the left ventricle, using these optimal protocols, was sustained for at least 21 days. Similar amounts of gene transfer were observed in the lungs and livers of all animals under all conditions. Extensive gene transfer was noted in the liver, whereas gene transfer was minimal or undetectable in lungs of all mice that received adenovirus encoding EGFP.
To determine the relationship between visual assessment of fluorescence and adenovirus DNA copy number, we examined the relationship of these two methods by linear regression analysis. There was a correlation between the amount of green fluorescence in the hearts and the adenovirus DNA copy number present in the cells (P Ͻ 0.0001; Fig. 3B ).
Immunostaining and deconvolution microscopy were used as a third method to confirm gene transfer to the left ventricle. Figure 5 shows representative images of left ventricle from a mouse that received PBS (Fig. 5, A and B) or adenovirus encoding EGFP (Fig. 5, C and D) . This figure demonstrates extensive gene transfer to cardiac myocytes.
We next prospectively tested whether the optimal genetransfer strategy would result in a physiological effect when used with a potentially therapeutic gene, AC VI . Ad5.AC VI was delivered during aortic and pulmonary arterial clamping and hypothermia (2 min dwell time) in combination with serotonin. Control animals received identical treatment except PBS was delivered. Hearts were removed 14 days after the procedure, and LV contractile function (ϩdP/dt) was measured ex vivo in a blinded manner. Figure 6 shows mice that received adenovirus AC VI had increased LV dP/dt values in response to dobutamine in a wide range of doses (P Ͻ 0.0001, two-way ANOVA).
A separate group of six mice were studied 21 days after intracoronary injection of PBS (n ϭ 2), adenovirus EGFP and acetylcholine (n ϭ 2), or serotonin (n ϭ 2) to determine whether there was evidence of myocardial inflammation. Hearts showed no inflammation or very mild inflammation, and there were no differences in animals receiving adenovirus or PBS. No evidence of inflammation was found in the lung and mild inflammation was noted in the liver of one mouse that received Ad5.EGFP and serotonin.
DISCUSSION
The most important finding of this study is that indirect intracoronary delivery of adenovirus vectors can be used to obtain high yield and physiologically relevant gene transfer to murine heart. Three components appear to be required for substantial gene transfer. First, aorta clamping, which is a Fig. 1 . Protocols for indirect intracoronary virus delivery to the mouse heart at normothermia (A) or hypothermia (cooled to 25°C; B). Ao, aorta; PA, pulmonary artery. prerequisite for indirect intracoronary delivery, should be accompanied by simultaneous clamping of the PA. Second, increased dwell time, which is made possible by cooling the animals to 25°C, appears also to increase gene transfer. Third, the use of pharmacological agents (sodium nitroprusside, serotonin, and acetylcholine) increases gene transfer to the heart and reduces the transmural gradient seen with indirect intracoronary delivery.
We showed that indirect intracoronary delivery of adenovirus encoding AC VI produced a significant change in LV contractile function. Adenylyl cyclase is the effector molecule linked to the ␤-adrenergic receptor and the stimulatory GTPbinding protein (G s ) in cardiac myocytes (26) . We have shown previously that transgenic mice with cardiac-directed AC VI expression (9) and pigs after intracoronary delivery of adenovirus encoding AC VI (18) have increased cardiac contractile responses to ␤-adrenergic receptor stimulation. Thus we have outlined an experimental method that will allow investigators to exploit a variety of transgenic mouse lines by allowing efficient exogenous gene transfer in pathophysiological settings of interest.
Hajjar et al. (12) described clamping the aorta and PA of rats to perform indirect intracoronary delivery of adenovirus. Ikeda et al. (16) described using an indirect intracoronary adenovirus delivery technique in hamsters. This group clamped both the aorta and PA during hypothermia to prolong cross-clamp time to 4 -5 min and added cardioplegic solution and histamine to increase adenovirus-mediated gene transfer to the heart. We modified these techniques and systematically studied components of the adenovirus delivery protocol to produce efficient cardiac gene transfer to mouse heart.
Cooling the mice to 25°C allowed us to increase the aortic and pulmonary arterial cross-clamping times to prolong the time the adenovirus was in contact with the coronary circulation without coronary reflow. Dwell time with or without coronary reflow appears to affect the extent of adenovirus gene transfer to the heart (6, 20) . Cooling the animal to 25°C alone did not adversely affect the efficiency of cardiac gene transfer. Donahue et al. (6) proposed that cooling inhibited the rate of infection of isolated cardiac myocytes with adenovirus. However, at 24°C (near the temperature achieved in our studies), the percentage of infected cells was not changed. We showed that clamping both the aorta and PA after cooling the mice produced a 4.5-fold increase in adenovirus-mediated gene transfer compared with aortic clamping alone. This may result from prevention of LV distension that is observed with aortic clamping alone, thus improving coronary perfusion and adenovirus delivery.
We also showed that addition of pharmacological agents further increases overall gene-transfer efficiency and improves gene transfer to the subendocardium. Interestingly, the agents increased gene transfer when injected simultaneously with the adenovirus and did not require prior exposure for 3-5 min as described for hamsters when histamine was used to increase gene transfer (16) . Various agents have been used to increase adenovirus gene transfer to heart including serotonin (7, 30) , acetylcholine (2), histamine (16, 18, 19) , adenosine (28, 31) , low calcium concentrations (7, 20) , bradykinin (19) , substance P (17), vascular endothelial growth factor (19, 25) , nitroglycerin, and sildenafil (25) . The molecular mechanisms by which these agents may increase gene transfer remain to be elucidated. However, these pharmacologically diverse agents share the ability to alter vascular permeability or coronary blood flow. Given the size of an adenovirus particle (90 nm; Ref. 29) and the maximal estimated size of capillary endothelial junctions (10 -15 nm; Ref. 23) , the portal of entry of adenovirus particles from the vessel lumen to the cardiac interstitium does not appear to be the endothelial cell junctions. We speculate that endothelial cell transcytosis is the probable entry portal (22, 23) . Serotonin has been shown to increase transcytosis across venular endothelial cells (8) . Nitroprusside, serotonin, and acetylcholine all may produce coronary vasodilation and Fig. 3 . Percentages of EGFP expression in LVs after indirect intracoronary virus delivery are indicated for the protocols studied (A). Overall, P ϭ 0.03 from two-by four-way ANOVA for all aortic and pulmonary arterial clamp experiments; *P ϭ 0.005 vs. aortic and pulmonary arterial clamp alone; **P ϭ 0.02 vs. aortic and pulmonary arterial clamp alone. Correlation exists between the amount of green fluorescence in the tissues and the adenovirus DNA copy number in the cells (B). Fig. 4 . Percentage of EGFP expression in LVs after indirect intracoronary virus delivery at 7 and 21 days in mice that received acetylcholine (A) and serotonin (B) with adenovirus during aortic and pulmonary arterial clamping with cooling to 25°C. NS, not significant. can release nitric oxide either by direct conversion to nitric oxide in the blood (nitroprusside; Ref. 14) or by receptor interaction on endothelial cells (acetylcholine and serotonin; Refs. 4 and 21). Nitric oxide produces coronary vasodilation (24) , can increase vascular permeability (32), may be involved in formation of vesicles necessary for endothelial cell transcytosis (1), and augments adenovirus-mediated gene transfer to the heart in vivo (25) . Additionally, serotonin, through stimulation of the Bezold-Jarisch reflex (27) , or acetylcholine, through activation of muscarinic receptors (3), can produce transient heart block and bradycardia that theoretically may increase diastolic perfusion and increase gene transfer.
Indirect intracoronary delivery of adenovirus was not associated with increased inflammatory infiltrates on histological inspection compared with animals not receiving adenovirus. It appears that the procedure itself (the thoracotomy and crossclamping), even when not associated with delivery of adenovirus, is associated with minor inflammation of the heart, as we observed this in nearly all animals in the present study. We have previously shown that direct intracoronary delivery of adenovirus vectors is not associated with myocardial inflammation (10, 11, 18) . Indeed, a review of the literature regarding direct intracoronary delivery of adenovirus indicates that myocardial inflammation is rare and occurs only when very high titers of adenovirus per gram of perfused heart are delivered. Modest amounts of adenovirus per gram of perfused heart (Ͻ5 ϫ 10 11 vp/g) are well tolerated, and inflammation is rarely seen (13) . In contrast, in the rat, using the indirect intracoronary route and doses of 2.5 ϫ 10 11 (D. M. Roth and H. K. Hammond's laboratories, unpublished observations) and 5 ϫ 10 12 vp/g of left ventricle, inflammation is moderate to severe (12) . This may be due to our having used HPLC-purified adenovirus in the present study, whereas in the rat studies D) . EGFP detection is shown in an optical section by immunofluorescence staining (red) using fluorescence deconvolution microscopy (A and C). Other images (B and D) indicate immunohistochemical staining for EGFP by horseradish peroxidase using bright-field microscopy. All images acquired at ϫ20 magnification. Fig. 6 . Cardiac inotropic response to dobutamine in isolated, perfused hearts of mice received adenovirus-encoding murine adenylyl cyclase VI (ACVI) with serotonin or PBS with serotonin during indirect intracoronary delivery with clamping of aorta and PA and cooling to 25°C. P value was obtained with two-way ANOVA; nos. of animals are shown in parentheses.
(unpublished), we used CsCl-purified adenovirus (no HPLC). These observations suggest that impurities in the adenovirus preparation that are removed by HPLC or species differences may be an important element in the inflammatory response.
In conclusion, we have shown the feasibility of indirect intracoronary adenovirus-mediated gene transfer to mouse heart. Hypothermia to allow extended clamping of the great vessels and the use of pharmacological agents that may promote transcytosis greatly enhanced the extent of gene transfer. The amount of gene transfer is sufficiently high to produce physiologically relevant changes in cardiac performance and will allow testing of potentially therapeutic transgenes in murine models of cardiovascular disease.
